-dependent binding of the first C 2 domain of Dallas, Texas 75235 synaptotagmin I (C 2 A domain) to syntaxin (Li et al., 1995; Kee and Scheller, 1996) may serve as the trigger that initiates exocytosis. The interaction with Ca 2ϩ channels Summary may be important to place syntaxin close to the sites of Ca 2ϩ influx. Two other syntaxin-interacting proteins, Syntaxin 1A plays a central role in neurotransmitter munc13s and munc18-1, are the mammalian homologs release through multiple protein-protein interactions.
of the C. elegans unc-13 and unc-18 gene products; We have used NMR spectroscopy to identify an autonmutations of these genes cause severe paralyzing pheomously folded N-terminal domain in syntaxin 1A and notypes in C. elegans that suggest defects in neuroto elucidate its three-dimensional structure. This 120-transmission (Brenner, 1974; Hosono and Kamiya, 1991) .
residue N-terminal domain is conserved in plasma
In addition to the neuron-specific isoforms of syntaxin membrane syntaxins but not in other syntaxins, indi-(syntaxins 1A and 1B), homologs of syntaxin have been cating a specific role in exocytosis. The domain conidentified in a variety of tissues and membrane comparttains three long ␣ helices that form an up-and-down ments, showing that syntaxins constitute a large family bundle with a left-handed twist. A striking residue conof proteins. This led to the general view that syntaxin is servation is observed throughout a long groove that is a key component of the machinery that mediates all likely to provide a specific surface for protein-protein types of intracellular membrane traffic (Bennett and interactions. A highly acidic region binds to the C 2A Ferro-Novick and Jahn, 1994) . The comdomain of synaptotagmin I in a Ca 2؉ -dependent intermon characteristic that defines the syntaxin family of action that may serve as an electrostatic switch in proteins is a conserved C-terminal region that generally neurotransmitter release.
precedes a transmembrane domain ( Figure 1a ). This C-terminal region participates in the formation of the Introduction core complex (Kee et al., 1995) and is thus believed to be directly involved in membrane fusion. The function Neurotransmitters are released from a presynaptic terof the N-terminal ‫581ف‬ residues is uncertain. This region minal when Ca 2ϩ influx triggers synaptic vesicle exoforms the bulk of the cytoplasmic sequence and is varicytosis. A cascade of protein-protein interactions mediable when all syntaxins are compared. However, seates docking of the vesicles to the plasma membrane, quence analysis of syntaxins that have been implicated activation of the vesicles for fusion (priming), and memin neurotransmitter release shows a remarkable conserbrane fusion upon Ca 2ϩ influx (Sü dhof, 1995) . The vation even for species separated by millions of years plasma membrane protein syntaxin is widely believed of evolution such as rat and aplysia ( Figure 1b and see to play a central role in exocytosis and may be involved below). The sequence conservation of this region exin each of these steps. This notion is supported by the tends to syntaxin isoforms that have been localized to observation that syntaxin is the target of botulinum toxin the plasma membrane, such as the mammalian syn-C1, a toxin that inhibits neurotransmitter release (Blasi et taxins 2, 3, and 4 (Bennett et al., 1993) and yeast SSO1 al., 1993) , by analysis of syntaxin mutants in Drosophila and SSO2, but not to syntaxins localized in intracellular (Schulze et al., 1995) , and by the multiple interactions of membranes, such as syntaxins 5, 6, and 7 (Bennett et  syntaxin with other proteins involved in neurotransmitter al., 1993; Bock et al., 1996; Wong et al., 1998) . Thus, release (reviewed in Bennett and Scheller, 1994; Roth- the N-terminal region of plasma membrane syntaxins is man, 1994; Hanson et al., 1997a) .
likely to have a function that is specific for exocytosis. Synaptobrevin/VAMP and SNAP-25, proteins that are
The importance of this region is supported by the obseralso targets of botulinum toxins, form a tight complex vation that it is responsible for syntaxin binding to with syntaxin that is known as the core complex or the munc13 (Betz et al., 1997) and that it is required for SNARE complex (Sö llner et al., 1993) . Formation of this binding to munc18 (Hata et al., 1993; Kee et al., 1995) . complex is believed to provide the energy necessary to In addition, the N-terminal region of syntaxin 1A binds approach the vesicle and plasma membranes (Hanson in a Ca 2ϩ -dependent manner to the C2A domain of synet al., 1997b; Lin and Scheller, 1997) . The complex binds aptotagmin I (Shao et al., 1997a) , suggesting a role in ␣-SNAP and NSF, proteins required for general vesicular the Ca 2ϩ regulation of neurotransmitter release. traffic, and is dissociated by the ATPase activity of NSF Dissecting the functional importance of each of the interactions involving the N-terminal region of syntaxin is critical to fully define the role(s) of syntaxin in exocytosis.
To whom correspondence should be addressed. Plasma membrane syntaxins contain a transmembrane region (black), a C-terminal sequence of the cytosplasmic region that is involved in formation of the core complex (striped), and an N-terminal region that is likely to have a specific role in exocytosis. The latter is shown in white, with the sequences corresponding to the three helices observed by NMR spectroscopy, HA, HB, and HC, colored in blue, green, and red, respectively. Residue numbers corresponding to the syntaxin 1A sequence are indicated below the bar. (b) The sequence alignment shown corresponds to the segment of the N-terminal region that is autonomously folded in syntaxin 1A. Five of the sequences correspond to Rattus norvegicus syntaxins that have been localized to the plasma membrane (Rn 1A, 1B, 2, 3, and 4) , five to syntaxins from other species (Ac, Aplysia californica; Dm, Drosophila melanogaster; Hm, Hirudo medicinalis; Lp, Loligo pealei; Ce, Caenorhabditis elegans) and two sequences are from yeast plasma membrane syntaxins (SSO1 and SSO2). Residue numbers are indicated at the left and the right sides of the sequences. Residues that are identical in at least 6 out of the 12 sequences shown are colored. Blue, green, and red correspond to helix A, B, and C, respectively, and yellow corresponds to residues outside the helices. The bar indicates the sequence of syntaxin 1A involved in binding to the C 2A domain of synaptotagmin I (see Figure 6 ).
Such dissection could be achieved through genetic and the sharp resonances using triple resonance experiments revealed that they correspond to residues 1-27 physiological studies of syntaxin function based on mutations targeted to disrupt specific interactions. Howand 147-180 and that their chemical shifts are similar to those of a random coil. This is illustrated in Figure 2 , ever, design of such experiments is hindered by the lack of structural information at atomic resolution on where the differences between the observed C␣ chemical shifts and those characteristic of a random coil syntaxin. To provide a structural basis for understanding the function of syntaxin, we have analyzed the three-(⌬␦C␣) are plotted against the residue number. For comparison, the values of ⌬␦C␣ obtained later for residues dimensional structure of the N-terminal region of syntaxin 1A using nuclear magnetic resonance (NMR) spec-27-146 are also plotted. These results show that the regions corresponding to residues 1-26 and 147-180 of troscopy. We find that residues 27-146 constitute an independently folded domain with a three-helix bundle the syntaxin 1A fragment are unfolded and their narrow line widths arise from internal motions. structure. The interface between the second and third helices forms a long groove that exhibits a striking resiTo improve the NMR data corresponding to the structured part of the molecule, we prepared a recombinant due conservation in plasma membrane syntaxins and is likely to provide a binding site for an ␣ helix of another fragment corresponding to residues 27-146, which we will refer to as Nsyx. Analysis by circular dichroism protein of the exocytotic machinery. The N terminus of the second helix contains a highly acidic region that showed that Nsyx is highly ␣-helical and very stable, with a denaturation temperature of more than 80ЊC. The is responsible for Ca 2ϩ -dependent binding to the C 2 A domain of synaptotagmin I, supporting a model whereby high percentage of ␣ helix and the scarcity of aromatic residues result in a poor chemical shift dispersion, but the two protein domains constitute an electrostatic switch that inhibits neurotransmitter release in the abuse of triple resonance experiments together with two-, three-, and four-dimensional NOESY spectra allowed us sence of Ca 2ϩ and triggers release upon Ca 2ϩ influx. to obtain a high-resolution three-dimensional structure of Nsyx in solution. Structure calculations were perResults formed by simulated annealing using a set of 1508 experimental NMR restraints. A superposition of the 15 Identification and Three-Dimensional Structure of an Autonomously Folded Domain structures of Nsyx with the fewest violations from the restraints is shown in Figure 3a . Ribbon diagrams of a of Syntaxin 1A (Nsyx) We first analyzed a recombinant fragment containing representative structure in two different orientations are shown in Figures 3b and 3c . Structural statistics are residues 1-180 of rat syntaxin 1A. The NMR spectra of this fragment contained two sets of resonances with summarized in Table 1 .
The structure of Nsyx consists of an up-and-down distinctly different line widths. Backbone assignment of The differences (⌬␦C␣) between the C␣ chemical shifts observed for residues 1-26 and 147-180 in the 1-180 fragment of syntaxin 1A and those expected for a random coil (Wishart and Sykes, 1994) are plotted against the residue number (open bars). For comparison, the values of ⌬␦C␣ observed for residues 27-146 in the analysis of the Nsyx domain are also plotted (solid bars). Note that residues 27-146 contain three regions with large, positive ⌬␦C␣ values that correspond to the three ␣ helices, while the small values of ⌬␦C␣ observed for residues 126 and 147-180 show that they are unstructured.
three-helix bundle with interhelical angles of 10Њ to 30Њ.
shape with short and long diameters of 20 and 55 Å , respectively. Three segments of syntaxin 1A had been The bundle has a left-handed twist, which can be best recognized in the ribbon diagram of Figure 3c . The two predicted to have a high propensity for coiled-coil formation, two in the N-terminal region (named H1 and H2) loops that connect the helices are flexible, in agreement with the narrower line widths of their resonances, while and one in the C-terminal region (named H3) (Inoue et al., 1992) . The first two helices in the three-dimensional the ␣ helices are well defined. A few residues in the C terminus appear to be flexible, but the NMR data indistructure of Nsyx coincide approximately with the predicted H1 and H2 coiled-coil regions, while the third cate that they populate ␣-helical conformations down to residue Arg-144. Thus, each helix spans approxihelix observed in the structure had not been anticipated. To avoid confusion with the old nomenclature, we will mately 35 residues, giving the molecule an elongated A comparison of the sequences of the Nsyx domain of rat syntaxins 1A and 1B with those of syntaxins from a variety of species (Figure 1b ) reveals a remarkable number of invariant residues, strongly suggesting a conrefer to the three helices of Nsyx as helix A, B, and C (Figures 1a and 3) . served function. For instance, there is a 69% identity between Nsyx of rat syntaxin 1A and Nsyx of a species The nature of the side chains involved in stabilizing the tertiary structure of the Nsyx domain explains the as evolutionarily distant as C. elegans. High homology also exists among the Nsyx domains of most rat syntaxin fact that helix C was not predicted. The A and B helices contain characteristic heptad repeats with hydrophobic isoforms that are known to be localized at the plasma membrane (compare syntaxins 1A, 1B, 2, and 3 in Figure  residues (mostly Ile, Leu, and Val) in the a and d positions (see Figure 1b , starting at Met-30 for helix A and at Thr1b), although syntaxin 4 is more divergent. The corresponding domains of the yeast syntaxin homologs from 71 for helix B). Thus, the helix A/helix B interface is formed by interdigitated hydrophobic side chains rethe plasma membrane, SSO1 and SSO2, have a distant but significant homology to syntaxin 1A Nsyx. Overall, sembling an antiparallel coiled coil. In contrast, the residues of helix C involved in contacts with helices A and the sequence conservation among plasma membrane Nsyx domains is lowest in the loops and highest in the B are of very distinct nature and include Arg, Gln, His, Phe, Ser, Thr, and Tyr side chains (Figure 4) . The hy-␣ helices, particularly in helix C, where, for instance, 85% of the residues of rat syntaxin 1A and C. elegans drophobic parts of these side chains are buried, and their hydrophilic parts are either exposed or form internal syntaxin are identical. The distribution of the most conserved residues within polar interactions. For instance, the side chain of Arg-116 is oriented toward the inside of the molecule, emergthe three-dimensional structure of Nsyx ( Figure 5 ) emphasizes further the importance of helix C and, more ing on the opposite side where it forms a salt bridge with Glu-103. The architecture of Nsyx is also somewhat specifically, of its interface with helix B. The interface between these two helices forms a groove that extends unusual in that a large percentage of the three-helix bundles found in the Protein Data Bank (PDB) contain throughout most of the length of the domain (Figure 5a and 5b). While the least conserved residues of Nsyx a right-handed twist (e.g., proteins of the homeodomain family). Bundles with left-handed twists usually contain are generally located in the surface of the molecule, a striking conservation can be observed for the residues four or more helices, and the few left-handed three-helix bundles found in the PDB generally have much shorter lining the groove between helices B and C (Figure 5b ). Note for instance that, although the C terminus of helix helices than Nsyx. As a consequence, most of the structures found to be homologous to that of the Nsyx domain C is less conserved than its N terminus (Figure 1b) , high conservation is observed for those residues at the C through a Dali search (Holm and Sander, 1993) of the PDB contain left-handed bundles of four or more heliterminus that form the surface of the groove (e.g., Y134, N135, and Q138). These observations strongly support ces. The best structural alignment corresponds to the first three helices of the lactose-specific enzyme IIa the notion that the presence of the groove is functionally The groove between helices B and C, which can be better seen with the coloring used in (b), spans the upper two-thirds of the molecule. The arrow indicates the direction of the groove in its lower part; in the upper part, the groove bends into a vertical direction following the curvature of the helices. The residues that form the surface of the groove are: I82, K83, A86, N87, R90, L93, K94, I96, E97, I100, E101, and E104 from helix B, and L113, K117, H120, S121, S124, F127, V128, M131, Y134, N135, and Q138 from helix C.
important. The groove could serve as an interaction surcross-peak shifts were similar to those observed previously in analogous experiments performed with a fragface for an ␣ helix of another protein involved in neuroment containing residues 1-177 of syntaxin 1A (Shao et transmitter release, perhaps munc13 or munc18. al., 1997a N-labeled C2A domain in the presspectra because they contain a third dimension correence and absence of unlabeled Nsyx. No spectral sponding to the 13 C-chemical shift of the carbonyl carchanges were observed when Nsyx was added to the bons, and the gradual addition of C 2 A domain allowed Ca 2ϩ -free C 2 A domain (data not shown). However, addius to monitor cross-peaks shifts progressively to avoid tion of Nsyx in the presence of Ca 2ϩ caused broadening ambiguities in the interpretation of the data. Expansions and cross-peak shifts (Figure 6a) , showing that there is of a plane of the HNCO spectra obtained with 0% and 100% C 2 A domain are shown superimposed in Figure  Ca   2ϩ -dependent binding between the two domains. The -bound C 2 A domain in the absence (black contours) and presence (red contours) of a stoichiometric amount of unlabeled Nsyx. The red contours are plotted at lower levels to compensate for the broadening caused by binding and allow observation of the broadest cross-peaks. Cross-peaks that shift upon addition of Nsyx are indicated. The region of the C 2A domain that binds to Nsyx as indicated by these data is analogous to that found previously to bind to the 1-180 fragment of syntaxin 1A (see Shao et al., 1997a) . The cross-peak labeled with an asterisk (*) belongs to a sequence remaining from the expression construct and shifts because of its proximity to the N terminus of the C 2 A domain. 6b. The cross-peak shifts observed were in general great challenges of modern biology, achieving this goal will require a multidisciplinary approach integrating dismall, indicating that the interaction is primarily mediated by side chains and does not involve any substantial verse techniques. Biochemical, genetic, and physiological studies have provided a wealth of information on conformational change in Nsyx. All significant shifts were observed in a region at the N terminus of helix B, the machinery that regulates Ca 2ϩ -evoked exocytosis and shown the high complexity of the system, with a corresponding to residues 68-81 (Figure 6c ). This region is characterized by a high density of negatively charged large number of protein components and multiple interactions between them (Bennett and Scheller, 1994 ; Sü dside chains (Figure 6d ) that do not form part of the groove between helices B and C. Most of these acidic hof, 1995). However, putting together the pieces of the puzzle has been hindered so far by the lack of structural residues are conserved across species, with Glu to Asp substitutions in some cases (Figure 1b) . The specificity information at atomic resolution on most of the proteins involved in exocytosis (the only exception being the of the Nsyx/C2A domain Ca 2ϩ -dependent interaction is supported by the fact that no significant chemical shift crystal structure of the C2A domain of synaptotagmin I; Sutton et al., 1995) . The need for such information was changes were observed in other highly acidic regions in the surface of Nsyx.
particularly pressing in the case of syntaxin because of its demonstrated importance in neurotransmitter release and because of its multiple interactions with other Discussion components of the exocytotic apparatus (Bennett and Scheller, 1994; Sü dhof, 1995) . Several of these interacElucidating the mechanism of neurotransmitter release is a necessary step toward a full understanding of neural tions involve the N-terminal region of syntaxin 1A, which forms the bulk of its cytoplasmic region and is conserved functions, including memory and learning. As with other in plasma membrane syntaxins. All these observations here demonstrate that the region of the N-terminal sequence of syntaxin that binds to the C2A domain is instrongly suggest an important role in exocytosis. Thus, the structure of the Nsyx domain of syntaxin 1A dedeed highly acidic. Given the high density of negative charge in the Ca 2ϩ -binding region of the C 2 A domain scribed here contributes one of the key pieces of the puzzle, providing a structural framework to understand before Ca 2ϩ binding, it is most likely that Nsyx and the C 2 A domain repel each other in the absence of Ca 2ϩ . the function of the N-terminal region of syntaxin and insights about how this domain may interact with other Such repulsion may be the force that prevents synaptic vesicle exocytosis to proceed before Ca 2ϩ influx into proteins. Key structural information that complements our work is provided by the recent elucidation of the a presynaptic terminal. Upon nerve stimulation, Ca 2ϩ binding to the C 2 A domain could attract syntaxin, initiatcrystal structure of a complex of the C-terminal region of syntaxin with the minimal fragments of synaptobrevin ing fusion. Whether the C2A domain/Nsyx interaction is physiologically relevant remains to be demonstrated, and SNAP-25 required for formation of the core complex (Sutton et al., 1998) .
since the C2A domain has also been shown to bind in a Ca 2ϩ -dependent manner to the C-terminal region of The observation that Nsyx constitutes an autonomously folded domain of syntaxin 1A is likely to extend syntaxin (Kee and Scheller, 1996) and to negatively charged phospholipid vesicles (Davletov and Sü dhof, to all other plasma membrane syntaxins given the homology among them (Figure 1b ). This notion is sup-1993) . Our data provide a hypothesis that can be tested in vivo introducing mutations in Nsyx, in the C 2 A domain, ported by NMR studies of SSO1, the most distant member of this family (A. T. Brü nger, personal communicaor in both.
The picture that emerges from our results is that Nsyx tion). The structure of the Nsyx domain of syntaxin 1A consists of an up-and-down three-helix bundle with a is a highly conserved, independently folded domain of syntaxin with the following features: (1) it is covalently left-handed twist. While the first two helices contain heptad repeats characteristic of coiled coils, the resilinked to the C-terminal region of syntaxin, which may be directly involved in membrane fusion; (2) it contains dues of the third helix involved in interhelical contacts are less typical of such structures. Consequently, helix a synaptotagmin-binding site, which may be a part of the Ca 2ϩ trigger; (3) it forms a highly conserved groove C had not been anticipated by secondary structure prediction algorithms. On the other hand, bundles with a between two helices that may bind munc13, munc18, and/or the C-terminal region of syntaxin, with potential left-handed twist and with long helices such as those of Nsyx typically contain four or more helices. These regulatory roles in exocytosis. These characteristics suggest that Nsyx may act as a multifunctional domain observations suggest that the architecture of Nsyx has been designed in such a way that helices A and B form in neurotransmitter release. It will be interesting to study which protein(s) directly interacts with the groove and a scaffold against which helix C is packed; the packing results in the formation of a groove between helices B what the consequences are in vivo of mutations introduced in this groove. and C. The residues that form the surface of this groove exhibit a remarkable conservation in plasma membrane syntaxins, strongly suggesting that the groove is impor- tion are munc13 and munc18. It is also tempting to bonds (Shao et al., 1997a) . Proteins were overexpressed as glutathispeculate that the C-terminal region of the cytoplasmic one S-transferase fusions in minimal medium in E. coli and purified by affinity chromatography, cleavage with thrombin, and gel filtraregion of syntaxin, which is involved in the formation of tion or cation exchange chromatography as described (Shao et al. the core complex, could bind to this groove. This pro1997a). Samples for structure determination contained 1 mM protein posal is consistent with previous experiments that sugdissolved in 60 mM phosphate buffer at pH 6.3. Binding experiments gested an interaction between the N-and C-terminal were performed in 20 mM Tris, 100 mM NaCl (pH 7.4). One set of regions of syntaxin (Calakos et al., 1994; Hanson et al., experiments was performed with a sample containing 0. C2A domain up to 0.5 mM.
A remarkable feature of neurotransmitter release is that it occurs very fast after Ca 2ϩ influx (within 100-200 NMR Spectroscopy s). Thus, the synaptic vesicles that are "ready to fuse"
All NMR spectra for resonance assignment of the fragment appear to be in a metastable state that is hindered to of syntaxin 1A and structure determination of Nsyx were acquired proceed toward fusion in the absence of Ca 2ϩ . Based at 32ЊC on a Varian Unity 500 spectrometer. Backbone assignments for both fragments were obtained using a series of double and on our previous structural analyses of the C2A domain triple resonance experiments incorporating pulse field gradients and (Shao et al., 1997a; Ubach et al., 1998) C-edited nuclear Overhauser enhancement specspectra applying a 1.11 correction factor (Kuboniwa et al, 1994) . All troscopy of a protein in solution: application to interleukin 1␤. Biodata were processed and analyzed with the programs Felix (MSI), chemistry 30, 12-18. NMRPipe (Delaglio et al., 1995) , NMRView (Johnson and Blevins, Davletov, B.A., and Sü dhof, T.C. (1993) . A single C 2 domain from 1994), and PIPP (Dan Garrett, NIDDK). The acquisition parameters synaptotagmin I is sufficient for high affinity Ca 2ϩ /phospholipid bindand processing methods used were analogous to those we used ing. J. Biol. Chem. 268, 26386-26390. previously for other protein structural studies (Rizo et al., 1994; Delaglio, F., Grzesiek, S., Vuister, G.W., Zhu, G., Pfeifer, J., and Bax, et al., 1996 Bax, et al., , 1997a Bax, et al., , 1997b . (1995) . NMRPipe: a multidimensional spectral processing system analysis of Nsyx/C 2A domain interactions were acquired at 25ЊC based on UNIX pipes. J. Biomol. NMR 6, 277-293. using parameters as described elsewhere (Shao et al., 1997a, Ferro-Novick, S., and Jahn, R. (1994 
